ABSTRACT Individual larval movement was studied in the laboratory to determine whether or not Ctenocephalides felis (Bouché ) larvae display differences in the time spent in food patches of varying quality. Both early and late instars were tested. Young instars exhibited marked differences in their response to food patch quality. When no food was present, the mean time these larvae remained at the site was 24.5 h. When food patches contained feces only, eggs only, or equal amounts of feces and eggs, the time spent before leaving increased to 62.6, 120.5, and 192.3 h, respectively. The response by older instars was less dramatic. No differences were observed between food patches with only feces or eggs. Older larvae also remained longer in patches containing both feces and eggs (201.9 h). Our data suggest that C. felis larvae do not respond randomly to food patches of varying quality and that particular dietary components have an inßuence on movement behavior according to developmental stage. Obtaining all of the essential dietary components seems more critical in the early stages of development.
THE BIOLOGICAL AND ECOLOGICAL requirements of cat ßea larvae are found in protected microhabitats consisting of a combination of high relative humidity, moderate temperatures, and a food source (Dryden and Rust 1994) . In contrast to most holometabolous larvae, their food source is provided directly by adult ßeas in the form of fecal material and conspeciÞc eggs.
As adult ßeas feed on their vertebrate hosts, they continually deposit nutrient-rich feces and eggs that readily fall from the hostÕs haircoat. Because the blood imbibed by adults is incompletely used, with very little digestion taking place (Hinkle et al. 1991, Silverman and Appel 1994) , a protein-rich food source is available to the larvae. This fecal material was shown by Strenger (1973) to be the main dietary component necessary for living and development, essentially making the larvae, as well as the adults, obligate parasites.
It has been shown that conspeciÞc eggs may provide critical supplemental nutrients lacking in adult ßea feces. Hsu et al. (2002) reported that only 13% of larvae reached the adult stage when fed a diet of feces alone, whereas 90% developed into adults when the diet was supplemented with nonviable eggs. Lawrence and Foil (2000) showed similar results, with cat ßea larvae that were fed a diet of adult feces supplemented with frozen eggs ad libitum developing rapidly with 100% adult emergence. The average number of eggs consumed by larvae in their experiments was 21.7. Kern et al. (1992) showed that egg production by C. felis females was accelerated at certain times of day that coincide with times the host typically spends resting. This behavior apparently helps ensure that larvae hatch in areas with a greater food supply. A clumped distribution of eggs and presumably greater amounts of feces would help to ensure there is adequate nutrition for developing larvae at these sites. However, eggs are deposited more or less continuously as they fall from the host pelage when the host wanders about its range. Kern (1993) found that areas where a cat spent 90% of its time accounted for only 45Ð50% of the larvae. Larvae that hatch outside normal resting sites may be forced to search out the essential dietary requirements.
Ctenocephalides felis larvae are surprisingly mobile, given their limited morphological characteristics. Kern (1993) found that cat ßea larvae can move relatively long distances, and that movement is strongly inßuenced by the presence of food, with 73% traveling Ͻ16 cm when food was present, whereas nearly 50% traveled Ͼ90 cm when food was absent.
Given the larval cat ßeasÕ mobility and the apparent necessity of at least two food components for proper development, one could expect larvae to leave a "suboptimal" feeding site. The objective of this study was to investigate whether there are differences in the amount of time spent by larvae at food patches of varying quality and whether they can make determi-nations as to food quality at foraging sites. The hypothesis is that if a larva is exposed to a site that contains only eggs or only feces, it will leave sooner than one that is exposed to a foraging site that contains the full complement of necessary food sources.
Data from this study will provide a more concise picture of C. felis larval response to food within its microhabitat and an increased understanding of the biology and behavioral ecology.
Materials and Methods
Insects. Flea larvae were reared from eggs collected in pans placed under infested cats at the Missouri Research Center, Fulton, MO. Flea eggs, feces, and other debris were collected from the pans and placed into a no. 40 (425-m opening) sieve, which was over a no. 200 (75-m opening) sieve (Newark Wire Cloth Co., Clifton, NJ). Flea eggs, feces, and a small amount of debris were collected in the bottom no. 200 sieve after both were shaken.
Eggs and feces were transferred to a petri dish containing approximately Þve parts smooth silica sand and one part spray-dried bovine blood (California Spray Dry Co., Stockton, CA). The dishes were placed in an environmental chamber maintained at 28ЊC and 85% RH.
At 4 (early-instar larvae) and 9 d (late-instar larvae) past the egg collection date, contents of the petri dishes were placed in a no. 20 (0.841-mm opening) sieve (Newark Wire Cloth Co.). The sieve was shaken over a pan, and sand, spray-dried blood, and ßea feces fell through the sieve. The larvae, which coil into a ball when disturbed, were retained in the sieve. The sieve was held still over a white sheet of paper while the larvae uncoiled and crawled through the sieve openings onto the paper, resulting in a sample of larvae free of debris and rearing media.
Diets. All combinations of C. felis larval dietary requirements, including adult ßea feces and ßea eggs, were tested. Three treatment groups were used, along with a control group to assess movement. Treatment 1 consisted of 15 mg of adult ßea feces only. Treatment 2 consisted of 15 mg of ßea eggs only. Treatment 3 consisted of 7.5 mg of feces and 7.5 mg of eggs. The control contained silica sand with no food. Twenty replicates of each diet containing a single larva were tested for both early and late instars. A 15-mg total amount of material in each feeding tube was chosen because it represented an amount that would provide more than a sufÞcient amount of food for a single larva and ample material into which they could burrow.
Adult ßea feces for this experiment were obtained by feeding Ϸ835 males and 260 females separately in an artiÞcial membrane system (FleaData, Freeville, NY). Males and females were fed separately so that only feces without eggs would be collected from the cages. Nonviable eggs can be produced by virgin females (Zakson-Aiken et al. 1996) , but after careful inspection of all samples, none were found in the female cages. Adult ßeas were fed blood collected by venipuncture from a Holstein calf with no previous exposure to parasiticides. Two hundred Þfty milliliters of blood was collected weekly into a blood collection bag (JorVet J-520B; Jorgensen Labs, Loveland, CO) containing a 20% sodium citrate solution to prevent coagulation. Blood was stored in a refrigerator at 4ЊC. Chambers in the artiÞcial membrane system were supplied with fresh blood from the bag daily.
It was necessary to feed more males because they consume a smaller volume of blood than females. The total amount of feces collected was 850 mg from the females and 275 mg from the males, a proportion that simulates what would be deposited by a natural population of ßeas infesting a live host. The total amount of feces from both sexes was thoroughly mixed together in a vial before weighing amounts used in treatments.
Flea eggs used for the experiment were collected daily from pans placed under infested cats at the Missouri Research Center, Fulton, MO. Debris in pans under infested cats was swept into a dustpan and placed into a no. 40 sieve over a no. 200 sieve. The two stacked sieves were shaken, and the eggs and ßea feces fell through the top sieve and were retained in the bottom sieve. The material was placed in a small plastic dish that had a mesh bottom with 75-m openings. The plastic dish was held at an angle of Ϸ30Њ. As the dish was gently tapped on the side, the smooth oval eggs would readily roll to the bottom side of the dish, whereas most of the irregular-shaped adult feces and other debris remained stationary. The samples of eggs were carefully examined under a stereomicroscope, and any feces or debris were removed with Þne-tipped forceps. After each sample of eggs was cleaned, it was placed in a freezer at Ϫ20ЊC for storage, which also rendered the eggs nonviable. The frozen eggs retained their original globular shape.
Larval Movement Testing Devices. In assessing cat ßea larval movement in relation to natural food sources, it was important to develop an experimental design that would accurately measure when larvae chose to leave a food source. It was also necessary to test larvae individually because cannibalism by larvae can occur, and there may be competition for resources. Furthermore, environmental factors that could inßuence movement had to be eliminated.
The experimental chamber (Fig. 1 ) consisted of a 13 by 100-mm glass test tube (American ScientiÞc Products) referred to as the diet tube, a PVC schedule 40, 0.5-in street 90Њ elbow pipe Þtting (Lasco Fittings, Brownsville, TN) and an 18 by 150-mm glass test tube (Fisher International, Hampton, NH) that is referred to as the retaining tube. The open end of both the diet tube and retaining tube were inserted into each of the two openings of the pipe Þtting elbow so that the diet tube containing the test diet and individual larva was situated horizontally and the retaining tube, into which a larva would fall if it left a particular diet, was situated vertically. The open end of the diet tube was directly above the open end of the retaining tube within the elbow Þtting. To eliminate any phototactic inßuence on the larvae, the entire length of the exterior of the diet tube was spray painted black. The retaining tube was similarly darkened on the exterior with black vinyl electrical tape except for the bottom 15 mm, which was left clear to view larvae that had fallen from the diet tube. The composition of the elbow Þtting was such that light was prevented from entering the system. Each preweighed diet was placed in the diet tube, labeled with the appropriate treatment number, and stored in a freezer at Ϫ20ЊC. All tubes were removed from the freezer and allowed to reach room temperature on the Þrst day of the study. A single larva of the appropriate age was introduced into each diet tube with a Þne-bristled camel hair brush from a porcelain evaporating dish. Larvae were allowed to acclimate to the diet with the tube in the vertical position for 4 h in an environmental chamber maintained at 28ЊC and 85% RH. Each diet tube was inserted into the elbow Þtting as previously described. All replicates were held in wooden racks inside the same environmental chamber.
A pilot study revealed that all larvae introduced to this system either left the diet tube at various times and fell into the retaining tube or pupated within the diet tube after a period of 6 d. To detect differences in the time that larvae left a particular diet, the clear portion of each retaining tube was examined twice a day at 7:00 AM and 4:00 PM for the presence of larvae over a period of 8 d. Voucher specimens were deposited in the Enns Entomological Museum at the University of Missouri, Columbia, MO.
Data Analysis. Comparisons in the amount of time that both early-and late-instar larvae spent at each of the diets were conducted and tested using analysis of variance (␣ ϭ 0.05) (SAS Institute 1999).
Results
There were marked differences in response to different diets within early-instar larvae (Table 1 ). All early-instar larvae in feeding tubes that contained only sand abandoned the site within 48 h, with the peak number leaving at 24 h. The next to leave were those given adult ßea feces only, with the peak number leaving at 63 h. Larvae that were exposed to a diet of eggs only stayed longer yet, with most leaving at 120 h. Larvae exposed to the diet containing equal amounts of feces and eggs showed little need to move at all. Only 4 individuals left the tube, and the other 16 had pupated within diet tubes examined at 207 h (Fig. 2) .
In contrast, late-instar larvae failed to exhibit responses as dramatic as those observed in young larvae (Table 1 ). In this case (Fig. 3) , only larvae in sand left the feeding tubes before pupating, and this movement was spread out over a period of 144 h. Larvae in the three diets with differing food combinations, (feces only, eggs only, and equal amounts of feces and eggs), displayed a lower propensity to leave feeding tubes. Most of the larvae in each of the three diets containing any food pupated within the diet.
Discussion
Ctenocephalides felis larval movement previously has been considered random (Bruce 1948) . Kern (1993) showed that larvae do respond predictably to Fig. 1 . Photograph of larval movement testing devices used to evaluate the amount of time C. felis larvae spent at different diets. The diet tube is inserted horizontally into the elbow pipe Þtting, and the retaining tube is inserted vertically with the bottom portion left clear to view larvae that have exited the diet tubes. Means within larval stage (columns) followed by the same letter are not signiÞcantly different, analysis of variance (␣ ϭ 0.05).
Fig. 2. Time (h) when
Þrst-instar C. felis larvae exited food patches containing no food, adult feces only, ßea eggs only, or equal amounts of ßea feces and eggs. Pupation indicates that larvae did not leave but remained in food patches during the remainder of the experiment and had pupated when the diet tubes were removed and examined at 207 h. phototactic stimulus and orientation toward a food source, but it was unclear how larvae respond to different food patches or if they could actually make choices between food types. Our data show that diet type plays a signiÞcantly prominent role in dictating the amount of time early instars spent at food patches before moving away. Late-instar larvae, however, failed to exhibit the same response when exposed to different diets, indicating that food quality may be less important in directing movement later in development.
The reason for the differences in response by earlyand late-instar larvae can only be conjectured without further experimentation. However, it seems likely that proper nutrition is more critical in early stages of development. When late-instar larvae were tested, they already had had access to the full array of food sources for 5 d longer than early instars. Late instars had likely received most of the nutritional requirements necessary for development by the time they were tested. Because all the late-instar larvae in this study remained in food patches longer than the early instars, this may indicate that the late instars had increased their fat body, and the costs of moving to another location would outweigh the beneÞts of locating a more optimal food site. The fact that early instars remained in diet tubes containing only eggs for nearly twice as long as those in diet tubes with only feces may be attributable to the ability of smaller larvae to rasp away at food particles with their mandibulate mouthparts. Dried adult feces is fairly hard and may prove difÞcult for the early instars to consume. Cat ßea eggs, however, are much softer and would probably be easier to puncture and consume. While there is no published evidence, eggs may also have a higher protein content and thus be a more valuable food source.
Although it seems that cat ßea larvae are able to choose whether or not to stay in different food sources when tested individually, further studies could evaluate how they might react in a more natural setting with higher densities where larvae compete for resources. Also, higher larval densities could inßuence egg consumption if cannibalism was a type of self-governing mechanism to control populations in this species.
Literature concerning the movement of C. felis larvae within its environment is sparse, particularly regarding response to food sources. Kern (1993) provided good data on response to environmental stimuli and revealed the surprising ability of C. felis to move about within its microhabitat. Kern (1993) further showed that larval movement is inßuenced by the presence of food. Other researchers have mentioned larval movement in passing (Bruce 1948) , stating that it is probably random, but no data exist on how larvae allocate time to different natural food sources. Our data provide the Þrst report of how cat ßea larvae respond to food sources found within its natural environment, showing that they respond predictably to food sources of varying quality with a preference displayed for remaining in an area that contains both adult ßea feces and conspeciÞc eggs.
